We report the observation of continuous-wave second harmonic generation for a pump at 1559.9 nm in type-I phase-matched Bragg reflection waveguide using the GaAs/Al x Ga 1−x As material system. For an internal pump power of 94 mW, phase-matched second harmonic power of 23 nW was measured in a waveguide with a length of 1.96 mm and ridge width of 4 μm. The internal conversion efficiency of the process was estimated as 6.8 × 10 −3 %W −1 cm −2 . The full-width at half-maximum bandwidth of the nonlinear process was found to be 0.91 nm.
Introduction
Integrated parametric devices harnessing second order nonlinearities in III-V semiconductors have attracted increasing attention in recent years. Examples of monolithically integrated devices that utilize second order nonlinearities could include optical parametric oscillators (OPOs), frequency conversion elements and integrated entangled photon-pair sources [1] . The increasing demand for robust, tunable and cost effective integrated OPOs renders the practical realization of monolithic versions of such sources essential. Another class of devices with emerging significance is a source for photon-pairs, which is an essential ingredient for quantum information processing systems [2] . The performance of integrated parametric devices chiefly relies on the phase-matching (PM) scheme which harnesses the nonlinearities.
Recently, we have proposed a phase-matching technique using Bragg reflection waveguides (BRWs) [3] in monolithic Al x Ga 1−x As waveguides and successfully demonstrated its performance in a device for second-harmonic generation (SHG) [4, 5] . BRWs are particularly attractive as their structure is similar to the vertical-cavity surface-emitting lasers (VCSELs). Unlike other phase-matching techniques such as quasi-phase matching (QPM) [6] , form birefringence [7] and high Q-resonant cavities [8] which involve over growth on Al x Ga 1−x As elements or growth on oxide layers, BRW phase-matching benefit from easier fabrication techniques making them more amenable for monolithically integration with diode pump lasers. While previously reported SHG in BRWs used picosecond pulses [4, 5] , continuous-wave (CW) characterization of these devices has yet to be addressed.
In this work, we report the performance of CW-SHG using phase-matched BRW. The operation of these structures in the CW regime is important, particularly for quantum information processing applications, where efficient photon-pair sources based on spontaneous parametric down conversion (SPDC) can be realized. CW operation is particularly essential for generating twin photons with maximally entangled properties [9] . Also, in a quantum communication link, photon-pairs with narrow bandwidth are indispensable for increasing the transmission distance by means of reducing chromatic dispersion effects [10] . The technique used in this work for PM is attractive in that it offers unparalleled control over several linear and nonlinear attributes of the device, while maintaining PM in a monolithic setting. 
Device description and fabrication
Phase-matching using Bragg reflection waveguides is an exact phase-matching technique rely on modal dispersion properties of the interacting frequencies [3] . In this scheme, for SHG the pump signal (FH) propagates as a conventional total internal reflection mode (TIR) while the propagation of the second-harmonic (SH) is supported through reflections from the transverse Bragg reflectors (TBRs). Unlike other modal phase-matching techniques in Al x Ga 1−x As [11] where PM is obtained between high order modes, BRW phase-matching attains PM between the lowest order modes of pump and second-harmonic. This allows maximum utilization of the powers of both harmonics for the nonlinear interaction. A representative ridge BRW along with typical intensity profiles of the pump and frequency doubled signal is illustrated in Fig. 1 . The wafer used was grown on a GaAs [001] substrate using metal-organic chemical vapour deposition (MOCVD). The top and bottom transverse Bragg reflectors (TBRs) consisted of 7 periods of bi-layers Al 0.25 Ga 0.75 As/Al 0.75 Ga 0.25 As with thicknesses 123 nm/391 nm, respectively. The Al 0.40 Ga 0.60 As core had a thickness of 300 nm. The sample was capped with a 50 nm layer of GaAs. Waveguide ridges with widths 2.5 μm-4.5 μm with 0.5 μm steps were patterned through plasma etching for a depth of ≈ 3.4 μm. The cleave plane was normal to the [110] direction to access nonzero elements of the χ χ χ 2 tensor. The length of the sample was 1.96 mm. Detailed characterization of the waveguide with 4 μm ridge width is discussed in the next section.
Characterization results
Characterization of the waveguide linear properties was carried out using the Fabry-Pèrot method [12] utilizing a single-mode tuneable laser source at low power (≈ 2 mW) in the wavelength range around 1560 nm. For TE-polarization, linear propagation loss (α ω ) of 7.78 cm −1 , input coupling efficiency (C) of 50% and facet reflectivity (R) of 29%, were the typical values measured. During the design it was attempted to design the devices with linear loss values less than 1.0 cm −1 by undertaking several steps including: (1) selecting aluminum concentrations more than 0.24 (x > 0.24) to reduce material absorption by shifting the materials bandgap away from the operating wavelength and (2) curtailing transverse leakage losses by using TBRs with high refractive index contrast bi-layers. However, in comparison to previously character- ized phase-matched BRWs [4, 5] , the current design denotes increased propagation losses. We mainly attribute the large measured propagation loss to the plasma etch quality. It is worth mentioning that the choice of x > 0.24 in Al x Ga 1−x As layers for loss reduction was expected to degrade the nonlinear interaction by reducing the effective χ χ χ 2 value. This effect was partly tackled by improving the nonlinear overlap factor between the harmonics [13] . Detail design optimization is required to fully address this trade-off.
Also, it can be seen that the measured value of 50% for the input coupling efficiency was higher than what is routinely reported in similar structures. Accurate estimation of the coupling efficiency in the BRW was problematic due to the fact that linear characterization based on Fabry-Pèrot method provides good results when the device under test supports single mode propagation [14] . This is not valid for the characterized device where multi-modedness exists in both lateral and transverse directions. To get a better insight of the input coupling factor, we simulated this parameter by calculating the overlap integral between the field profiles of the pump beam and the excited fundamental mode. The simulation resulted in an overlap factor of 54%. Comparing the experimentally measured coupling factor with the simulated value, we find 7% error in the measured value of the input coupling efficiency.
It is worth mentioning that although the characterized waveguide supports multi-mode propagation, we claim that the Fabry-Pèrot method provided an accurate estimation of the linear loss value as the linear transmission spectrum of the device illustrated clear Fabry-Pèrot fringes at the wavelength range of interest. Despite the fact that higher order modes were excited at the input facet of the waveguide, they were filtered out from the detected output signal through loss discrimination mechanism.
The characterization of the nonlinear properties was carried out using the same setup discussed above. Using a C-band Erbium-doped fiber-amplifier (EDFA), the pump power was amplified to ≈ 265 mW, which was measured before the front facet of the device. Taking into account 29% facet reflectivity and 50% end-fire coupling efficiency, one obtains internal FH power of P ω ≈ 94 mW at the input facet. Second harmonic power was then monitored using a Germanium photo detector over the relevant wavelength range to obtain the tuning curve. Internal SH power (P 2ω ), estimated right before the output facet, was obtained by accounting for Fig. 3 . Calculations of the phase-matching conditions between higher order modes of the FH and SH. The filled circles where two curves cross indicate wavelengths for which type-I phase-matching condition is satisfied. A discrepancy of ≈ 6 nm exists between the experimental phase-matching wavelength at 1559.9 nm in Fig. 2 and the simulated value where the curves of TE 00 (ω) and TM 00 (2ω) crosses.
the transmission of the output objective lens (57%) and the facet reflectivity (29%). Figure 2 illustrates the resulted tuning curve in terms of the internal SH power. As can be observed in the Fig. 2 , the peak SH power of 23 nW is evident at the phase-matching wavelength (λ PM ) of 1559.9 nm. The structure was designed for PM to take place at 1550 nm for the slab case, without taking into account ridge effects. However, red-shift of λ PM was anticipated as a result of the lateral confinement imposed by the ridge structure. The tuning curve illustrated in Fig. 2 indicates an additional SH resonance (P 2 ) at 1562.8 nm. This extra peak does not resemble the side lobe of a sinc 2 function [15] and hence merits further attention. Initially, the experimental tuning curve was compared with a theoretical one in the ideal case, where the linear/nonlinear losses were ignored. It is well known that for a sample of length L, P 2ω ∝ sinc 2 (ΔkL/2), where Δk = k(2ω) − 2k(ω) is the phase mismatch. From the theoretical tuning curve, the separation between the peak of the main lobe of the sinc 2 function and the immediate side lobes was found to be ≈ 1.0 nm. However, the feature at λ P 2 = 1562.8 nm lies 2.9 nm away from the phase-matching point at 1559.9 nm, in contrast to the ideal case of 1.0 nm. We further investigated the possibility of having phase-matching among higher order modes of FH and SH. The simulations indicated modal phase-matching between higher order modes could indeed exist. For example, as illustrated in Fig. 3 , phasematching condition can be satisfied between TE 00,TIR (ω) and TM 10,BRW (2ω) with the peak SH power 5.8 nm below λ P 1 . Also TE 10,TIR (ω) and TM 10,BRW (2ω) can be phase-matched at 6.9 nm above λ P 1 . Phase-matching between TE 10,TIR (ω) and TM 10,BRW (2ω) is more likely accountable for the SH feature at λ P 2 . Discrepancies between the calculated predictions and measurements could be due to fabrication tolerances. To investigate the multimoded nature of the waveguide, we studied the Fabry-Pèrot fringes of FH at high pump power. In Fig. 4 -a and -b, we have compared the FH transmittance at low pump power of 2 mW used for linear loss measurement and the FH transmittance at high power of 265 mW used for second-harmonic generation, respectively. As can be seen from Fig. 4 -a, the uniform Fabry-Pèrot fringes is a strong evidence of single mode propagation when 2 mW pump is launched in the waveguide. In contrast, the Fabry-Pèrot fringes in Fig. 4 -b exhibit a behaviour characteristic of multimode waveguides. The multimode behaviour at high pump power can be ascribed to two effects. First, higher order modes contain more power at higher pump and hence can contribute to the nonlinear conversion with output powers above the detection limit. Second, increasing the pump power results in an increase of the core temperature where power confinement is the highest. This, in turn, increases the core refractive index [16, 17] . As a result, the waveguide acquires an enhanced index difference between the core and the lateral claddings, making it more multimoded. We further characterized waveguides with ridge widths of 3 μm and 3.5 μm for the linear/nonlinear parameters of interest. Fig. 5 shows the phase-matching wavelength shift as a function of ridge width obtained experimentally and its comparison with those obtained numerically. Both methods predict the red-shift of phase-matching wavelength with decreasing ridge size. The difference between the experimental and measured values of λ PM were less than 6 nm for all three devices. It should be notice that the characterized BRWs were composed of 30 layers of Al x Ga 1−x As elements. Tolerances in growing the structure, inaccuracies in refractive index model and material dispersion [16] , as well as roughness in patterning the waveguides due to the dry etching process, could all contribute to deviation between theoretical and experimental predictions. Given the uncertainties involved, we believe that the reported 6 nm mismatch between theoretical and experimental values of phase-matching wavelength is an acceptable disagreement between the two models.
The internal nonlinear conversion efficiency of the process, taken as η = P 2ω /P 2 ω , was estimated to be ≈ 2.7 × 10 −4 %W −1 . A figure of merit which indicates the performance of the SHG device and is independent of the waveguide length is the normalized conversion efficiency defined as η norm = η/L 2 , where L = 1.96 mm is the waveguide length. Here, we obtained η norm ≈ 6.8 × 10 −3 %W −1 cm −2 . It would be instructive to compare the CW conversion efficiency in our device with that obtained in a pulsed laser setup. We characterized the waveguide using a mode-locked Ti:Sapphire pumped OPO. The employed pulses were nearly transformlimited with a temporal width of ≈ 2.5 ps and a repetition rate of 76 MHz. For a FH average power of 115 mW (41 mW inside the waveguide), peak SH power of 2.4 μW was measured at the phase-matching wavelength of λ = 1559.7 nm. The normalized conversion efficiency of the process was then estimated to be η norm ≈ 3.7 %W −1 cm −2 , indicating over 2.7 orders of magnitude increase compare to the efficiency of the CW case. This enhancement is attributed to significantly larger peak intensity in the pulsed regime in comparison to the CW one. For the FH mode with an effective mode area of 4.6 μm 2 , the peak intensity of the coupled power inside the waveguide in the pulsed system was 4.5 GW/cm 2 , while that in the CW experiment was 2.0 MW/cm 2 . The ratio of the FH peak intensity in the pulse system was found to be ≈ 3.3 orders of magnitude larger than that in the CW experiment. This ratio is in the same order of magnitude of the ratio of the conversion efficiencies (≈ 2.7). The fact that the ratio of the peak intensities is larger than the ratio of the conversion efficiencies suggests the increased losses in the pulsed system which is accounted for by the two-photon absorption of the pump signal.
From the tuning curve of Fig. 2 , the full-width at half-maximum (FWHM) bandwidth of the process was found to be ≈ 0.91 nm after filtering out the Fabry-Pèrot components of the FH from the spectrum. Ignoring harmonics losses, a theoretical estimation of the bandwidth can be obtained as [15] :
where λ is the FH wavelength and n eff (ω) and n eff (2ω) are, respectively, the effective modal indices of FH and SH. Here, we modelled Δλ FWHM = 0.78 nm, indicating a factor of 1.16 difference between theoretical and the measured values. The increase in the process bandwidth suggests inhomogeneous broadening as a result of waveguide losses at interacting frequencies as well as fabrication imperfections [18] . Using beam propagation method [19] which includes harmonics losses, a SH loss value of 41 cm −1 was estimated by fitting the FWHM bandwidth of a normalized theoretical tuning curve to that of the experimental one (see dotted curve in Fig. 2 ). The estimated SH loss appeared to be larger than what was expected for this device. Several mechanisms can be accounted for this large loss value. First, in type-I PM where SH has TM polarization, substrate and cover leakage losses are more prominent as the direction of the electric field is dominantly normal to the interfaces formed by different layers. Second, the boundaries between adjacent layers can form rough interfaces which contribute to scattered losses. This source of loss is expected to be more significant in BRWs where the structure is composed of many dielectric layers. Finally, material absorption contributes to additional losses as the SH wavelength lies in proximity of the band-tail absorption of low aluminum concentration layers [20] . It would be instructive to compare the estimated SH loss with linear loss of TM-polarized FH. Using Fabry-Pèrot technique, a loss value of 11.1 cm −1 was measured for TM-polarized FH around 1560 nm where PM was taking place. Taking into consideration the discussed sources of losses in BRWs, the estimated SH loss value of 41 cm −1 appears as a rough estimation in the characterized device.
Conclusion
In summary, we demonstrated CW-SHG using BRW design for frequency doubling of IR signals. For an internal FH power of 94 mW peak SH power of 23 nW was detected. The nonlinear conversion efficiency was estimated to be 6.8 × 10 −3 %W −1 cm −2 with the process FHWM bandwidth of 0.91 nm. Linear loss of the device was measured to be 7.78 cm −1 . Using beam propagation method, SH loss was simulated to be 41 cm −1 . Using these results, we envision future integrated devices utilizing other parametric processes such as spontaneous parametric down-conversion, difference frequency generation and optical parametric oscillation.
